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Abstract 1 
We aimed to progress understanding of prosodic emotion expression by establishing brain 2 
regions active when expressing specific emotions, those activated irrespective of the target 3 
emotion, and those whose activation intensity varied depending on individual performance. 4 
BOLD contrast data were acquired whilst participants spoke nonsense words in happy, angry 5 
or neutral tones, or performed jaw-movements. Emotion-specific analyses demonstrated that 6 
when expressing angry prosody, activated brain regions included the inferior frontal and 7 
superior temporal gyri, the insula, and the basal ganglia. When expressing happy prosody, the 8 
activated brain regions also included the superior temporal gyrus, insula, and basal ganglia, 9 
with additional activation in the anterior cingulate. Conjunction analysis confirmed that the 10 
superior temporal gyrus and basal ganglia were activated regardless of the specific emotion 11 
concerned. Nevertheless, disjunctive comparisons between the expression of angry and happy 12 
prosody established that anterior cingulate activity was significantly higher for angry prosody 13 
than for happy prosody production. Degree of inferior frontal gyrus activity correlated with 14 
the ability to express the target emotion through prosody. We conclude that expressing 15 
prosodic emotions (vs neutral intonation) requires generic brain regions involved in 16 
comprehending numerous aspects of language, emotion-related processes such as 17 
experiencing emotions, and in the time-critical integration of speech information.  18 
 19 
Keywords: Emotional prosody, prosody expression, speech, social cognition, fMRI. 20 
Word Count (not inc. references): 8673 21 
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Introduction 23 
In the study of social cognition, increasing efforts have been invested into learning more 24 
about how we transmit our communicative intent and alert other people as to our mental or 25 
emotional state of mind. Prosody is one channel by which we can express such emotion cues. 26 
By varying non-verbal features of speech such as pitch, duration, amplitude, voice quality and 27 
spectral properties (Ross, 2010), we can alter our tone of voice, and change the emotion 28 
conveyed. Beyond automatic and true reflections of our emotional state, conscious 29 
modulation of emotional prosody may also be one of the most common emotion regulation 30 
strategies, with people frequently concealing or strategically posing their prosodic emotion 31 
cues in everyday interactions (Laukka et al., 2011). In parallel, neuroscientists have sought to 32 
uncover the brain mechanisms that underpin the transmission of these signals. Because of the 33 
lag behind facial emotion research, its multiple functions (e.g., linguistic, attitudinal, 34 
motivational, affective), and multiple phonetic cues (e.g., pitch, duration, amplitude), the 35 
neural substrate of emotional prosody expression is less well characterised (Gandour, 2000).  36 
 37 
Concordance with early lesion-based models of prosodic 38 
expression 39 
In the 1970s and 1980s, a series of papers reporting lesion studies associated damage to 40 
the right hemisphere homologue of Broca’s area (Brodman’s areas 44 and 45) with impaired 41 
ability to produce emotional prosody, whilst damage to the posterior temporal region 42 
appeared to be associated with an inability to comprehend emotional prosody (Ross, 43 
1981;Ross et al., 1981;Gorelick and Ross, 1987). Thus, it seemed that the organisation of 44 
prosodic functions in the right hemisphere mirrored that of propositional language functions 45 
in the left hemisphere. Primarily because of speech-related movement confounds which can 46 
induce signal changes independent of those related to neuronal activation (Gracco et al., 47 
2005), direct functional magnetic resonance imaging (fMRI) literature on the expression of 48 
emotional prosody is limited. Sparse auditory sequences have gone some way to ameliorating 49 
these movement confounds though (Hall et al., 1999), and neuroimaging studies of prosodic 50 
emotion expression are starting to emerge.  51 
In one study, participants produced sentence-like sequences of five syllables (e.g. 52 
dadadadada) in various tones of voice, and when the expression of emotional intonation was 53 
compared to use of a monotonous voice, activation was observed in the right inferior frontal 54 
gyrus, as predicted by the lesion study model (Mayer et al., 2002). However, in another study 55 
using similar methodology but comparing prosodic emotion expression to rest, the active 56 
region was the anterior right superior temporal gyrus instead (Dogil et al., 2002). More 57 
recently, inferior frontal gyrus activity has been detected during the preparation and execution 58 
of emotional prosody expression (Pichon and Kell, 2013), although its degree of activation 59 
differed between the two phases of the expression process. Similarly, in another recent study 60 
of emotional prosody expression the inferior frontal gyrus was in fact the only region whose 61 
activation depended on both the emotion vocalised and the specific expression task (repetition 62 
vs. evoked) (Fruhholz et al., 2014). Thus from the evidence available so far, inferior frontal 63 
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gyrus activation is not consistent. Where similar methodology is employed across studies, one 64 
possibility is that its activation might relate to the composition of the participant sample. 65 
 Another shift in thinking in recent years concerns the relationship between the neural 66 
systems that mediate the expression and comprehension of speech. For propositional 67 
language, a ‘mosaic’ type view of its organisation in the brain has emerged, in which there is 68 
partial overlap between the brain regions that subserve its comprehension and expression 69 
(Gandour, 2000;Hickok and Poeppel, 2004). Hints are now emerging that this may also be 70 
true for prosody. In the main study of relevance, overlapping involvement in the expression 71 
and comprehension of emotional prosody was demonstrated in several brain regions, 72 
including the left inferior frontal gyrus, left middle cingulate gyrus, right caudate, and right 73 
thalamus (Aziz-Zadeh et al., 2010). Thus further studies of emotional prosody expression 74 
perhaps need to be vigilant for additional signs that there is merit to this organisational 75 
overlap. 76 
 77 
The involvement of sub-cortical brain regions in prosodic 78 
expression 79 
Whilst it was concluded from one of the early studies that prosody expression is mediated 80 
exclusively by neocortical brain structures (Dogil et al., 2002), elsewhere lesion data suggests 81 
its expression may also necessitate subcortical brain regions such as the basal ganglia. Basal 82 
ganglia damage has been observed to lead to both a restricted pitch contour with less 83 
variability in pause duration (Blonder et al., 1995), and foreign accent syndrome, a condition 84 
in which abnormal prosody articulation leads to the perception of a foreign-like accent 85 
(Carbary et al., 2000). The basal ganglia have also been the most frequently damaged 86 
structure in larger samples of aprosodic patients (Cancelliere and Kertesz, 1990). This role of 87 
the basal ganglia in prosody expression likely reflects its involvement in the timing-related 88 
processes which can be used to establish basic routines that advance more sophisticated 89 
behaviour e.g. formulating specific emotional intonation (Kotz and Schwartze, 2010). 90 
However, basal ganglia involvement in emotional prosody expression may not only be 91 
associated with preparing for the expression of emotional prosody as suggested by one recent 92 
fMRI study (Pichon and Kell, 2013). It may also integrate and maintain dynamically changing 93 
speech information such as speech rate, pitch, or amplitude (intensity) variations into coherent 94 
emotional gestalts (Paulmann and Pell, 2010), which perhaps better describes the execution of 95 
emotional prosody expression. Activation of the basal ganglia was detected in a recent 96 
neuroimaging study of the evocation of emotional prosody expression, but that study focussed 97 
exclusively on the expression of angry prosody (Fruhholz et al., 2014). 98 
 99 
Aims and Hypotheses 100 
Using methodological refinements, we aimed to expand recent progress in delineating the 101 
functional neuroanatomy of prosodic emotion expression. Our first adaptation concerned the 102 
conditions to which prosodic emotion expression is compared. We included not just a neutral 103 
condition but also a covert speech condition with jaw movement, to evaluate the functional 104 
neuroanatomy associated with expressing neutral prosody, i.e. a non-emotional prosodic 105 
contour.  106 
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Secondly, based on recent meta-analyses and reviews of emotion-specific differential 107 
emotion processing (Phan et al., 2002;Chakrabarti et al., 2006;Fusar-Poli et al., 2009;Lee and 108 
Siegle, 2009;Vytal and Hamann, 2010), we aimed to determine whether the brain mechanisms 109 
behind prosodic emotion expression differed as a function of specific positive and negative 110 
valence exemplars. Reliable emotion-specific effects have not yet been agreed for the brain 111 
networks mediating comprehension of prosodic emotions, with some researchers suggesting 112 
that there are separate networks (Ethofer et al., 2009;Kotz et al., 2012), and others suggesting 113 
that there are not (Wildgruber et al., 2005). One possibility is that the brain regions involved 114 
in expressing specific emotions are similar to those reported for perceiving that emotion. For 115 
prosody, the early indications are that processing other people’s happiness cues involves the 116 
middle temporal gyrus and inferior frontal gyrus (Johnstone et al., 2006). Networks associated 117 
with the perception of angry prosody have been studied in more detail, and prominent regions 118 
include the anterior cingulate, inferior frontal gyrus/orbitofrontal cortex, middle frontal gyrus, 119 
insula, thalamus, amygdala, superior temporal sulcus, fusiform gyrus, supplementary motor 120 
area (Grandjean et al., 2005;Sander et al., 2005;Johnstone et al., 2006;Ethofer et al., 121 
2008;Fruhholz and Grandjean, 2012). Whilst one study has identified the specific regions 122 
associated with expressing neutral prosody, the results may reflect a lack of control for motor 123 
movement (Dogil et al., 2002). It might also be possible that the brain regions for expressing 124 
angry prosody bear some similarity to those involved in the experience of being or feeling 125 
angry, and similar for happiness (Lee and Siegle, 2009). One might then expect the 126 
expression of angry prosody to involve brain regions previously associated with feeling 127 
angry, such as the medial prefrontal gyrus, insula and cingulate cortex (Denson et al., 2009), 128 
and the expression of happy prosody to involve brain regions previously associated with 129 
feeling happy, e.g. the basal ganglia (Phan et al., 2002), and possibly cortical regions in the 130 
forebrain and limbic system (Kringelbach and Berridge, 2009). 131 
     Our final aim was to determine the between-person variability of the neural system for 132 
expressing emotional prosody, i.e. to determine the parts of the system subject to individual 133 
differences. We probed this question by examining in which brain regions did activation 134 
levels covary with successful expression of prosodic emotions? Do individuals who are better 135 
at expressing prosodic emotions recruit brain regions that those not so good at expressing 136 
prosodic emotions do not? Individual differences in the ability to express emotional prosody 137 
have long been recognised at the behavioural level (Cohen et al., 2010), so what is the 138 
mechanism by which these effects occur (Blakemore and Frith, 2004)? In addressing this final 139 
aim, we noted that to date, few studies have examined individual differences in socio-140 
cognitive skills and linked these to underlying neural function (Corden et al., 2006). As to 141 
which brain regions might display such a relationship, we explored the possibility that 142 
inconsistent inferior frontal gyrus activation between studies might be explained by between-143 
study differences in the abilities of the samples of healthy young adults recruited. Individual 144 
differences in ability have already been shown to influence the brain regions detected in 145 
neuroimaging studies of prosodic emotion comprehension (Sander et al., 2003;Schirmer et al., 146 
2008;Aziz-Zadeh et al., 2010;Kreifelts et al., 2010;Jacob et al., 2013). Based on the 147 
association between basal ganglia impairment and a monotone voice with low prosodic 148 
expressivity (Martens et al., 2011), we also tested whether activity in this region correlates 149 
with the ability to transmit appropriate emotional prosody. 150 
 151 
 152 
Materials & Methods 153 
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Participants 154 
Twenty-seven healthy young adults (14 females, 13 males) were recruited by email and 155 
word of mouth from amongst staff and students at Durham University. This end sample 156 
comprised a mean age of 21.5 years (+ 3.89). Besides the target participant age range of 18-35 157 
years, a further inclusion criterion was that participants must be native English speakers given 158 
the subtle nature of the task. All reported themselves as being right-handed, which was 159 
subsequently confirmed through scores >40 across all participants on the Edinburgh 160 
Handedness Inventory (Oldfield, 1971). Across the end sample, the mean number of years of 161 
formal education was 15.7 years (+2.01). Upon initial contact, exclusion criteria applied to 162 
those who volunteered included self-reports of history of uncorrected hearing deficits, history 163 
of psychiatric or neurological illness, significant head injuries or long periods of 164 
unconsciousness, history of alcohol or drug abuse, and MRI contraindications (all self-report). 165 
As background assessments to characterise our group of participants, Beck’s Depression 166 
Inventory (BDI; (Beck and Steer, 1987) and the Positive and Negative Affect Schedule 167 
(PANAS; (Watson et al., 1988)) were administered. Mean BDI was 4.5 (±5.65), indicating 168 
that the group displayed only minimal symptoms of depression. In keeping with relevant 169 
normative data, the positive affect of our participants was 38.1 (±6.75), and the negative 170 
affect was 17.1(±6.07)(Crawford and Henry, 2004). Participants were paid a flat fee of £25 171 
for their participation, covering their time, travel and inconvenience. 172 
The study described was performed in accordance with the declaration of Helsinki (Rits, 173 
1964), and the British Psychological Society guidelines on ethics and standards 174 
(http://www.bps.org.uk/what-we-do/ethics-standards/ethics-standards). Approval for its 175 
conduct was given by the Ethics Advisory Sub-Committee in the Department of Psychology, 176 
Durham University, and written informed consent was obtained from all those who 177 
participated. 178 
 179 
Experimental Task 180 
The event-related expression task administered during fMRI comprised four conditions: 181 
happy intonation (as the only widely accepted positive ‘basic’ or ‘primary’ emotion (Ekman, 182 
1992)), angry intonation (as a negative ‘basic’ emotion), neutral intonation and jaw 183 
movement. Thus like the Aziz-Zadeh et al. study, our design was balanced across positive and 184 
negative emotion trials, in contrast to the methodology of Pichon and Kell that sacrificed 185 
balance between positive and negative emotions for generalisability across a wider range of 186 
emotions (Aziz-Zadeh et al., 2010;Pichon and Kell, 2013). The stimuli in these conditions 187 
were pronounceable nonsense words (see Supplementary Materials)(Kotz, 2001), derived 188 
from real neutral valence words by substituting a single letter of the original real word (e.g. 189 
normal → ‘narmal’). Rendition of nonsense words enters the speech production process low 190 
enough to eliminate higher-level linguistic processing (Mayer, 1999), and therefore allowed 191 
us to exclude potentially confounding semantic connotations as might theoretically be 192 
incurred in studies without this feature. Participants were presented with three randomly 193 
selected nonsense words at a time arranged vertically and centrally onscreen, with an emotion 194 
prompt in emboldened capital letters at the top of the screen. At the start of the task, they were 195 
instructed that they would be prompted which word to say and when to speak it. As each of 196 
the three nonsense words in turn changed from black non-underlined font to red underlined 197 
font with a star next to it, participants were instructed to say that word out loud in the tone 198 
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specified at the top of the screen. Although fully debriefed after the study, during the fMRI 199 
session, participants were unaware that their online vocalisations were not recorded. All text 200 
was displayed in Calibri point 60, using E-prime experiment generation software v2 201 
(Psychology Software Tools; Sharpsburg, PA, USA). Visualisation was achieved via display 202 
on an LCD screen mounted on a tripod at the rear of the scanner (Cambridge Research 203 
Systems; Rochester, Kent, UK), and standard head-coil mounted mirrors. 204 
To probe valence-dependence, we used anger as the negative emotion rather than sadness 205 
as used by Aziz-Zadeh et al. (Aziz-Zadeh et al., 2010), based on findings that anger is a more 206 
easily recognisable negative emotion than sadness (Paulmann et al., 2008). From the four 207 
available prompts (angry, happy, neutral, and jaw), the emotion cue displayed was 208 
randomised through the paradigm. When participants saw the prompt JAW rather than 209 
angry/happy/neutral, they were asked to move their jaw and tongue as if saying the word out 210 
loud, but not actually say it out loud (Dhanjal et al., 2008). This jaw condition better 211 
controlled for speech movement-related activation than a simple rest condition would have 212 
done, and enabled us to separate movement induced confounds from activations that truly 213 
relate to the external vocalisation of prosody. The inclusion of the neutral condition further 214 
allowed us to distinguish those brain regions that specifically related to conveying emotion 215 
(happy/angry) through prosody rather than producing prosody in general (neutral). The design 216 
was such that the speaking of one nonsense word was linked to each brain volume collected. 217 
All three of the nonsense words were to be spoken with the same specified tone before the 218 
task moved on to the next triplet, to increase detection power for the neural response 219 
associated with each condition (Narain et al., 2003). In total, there were 80 triplets, i.e. 240 220 
individual words or trials. 221 
 222 
Listener Ratings of Prosodic Emotion Expression 223 
 In this preliminary study, MRI participants expressing emotion cues through tone of 224 
voice were recorded performing this task offline in a separate behavioural assessment. 225 
Importantly, the prosodic emotion expression task used in this behavioural assessment was 226 
identical in structure and timings to that used in the MRI assessment. Whilst performing this 227 
task, participants’ audio output was recorded on an Edirol R4 portable recorder and wave 228 
editor (Roland Corporation; California, USA), in conjunction with an Edirol CS-50 Stereo 229 
Shotgun microphone. Half the participants were tested for the behavioural assessment before 230 
the day of their MRI assessment, whilst the others were tested on a date after their MRI 231 
assessment. One MRI participant did not attend their behavioural assessment session. The 232 
mean gap between the MRI and behavioural assessments was 11.3 (±4.03) days. The 233 
behavioural and MRI assessments were run separately, because even with the sparse 234 
acquisition sequence described below, some artefacts in the functional images caused by 235 
movement of the articulators (head, lips, tongue, and larynx) and head remain (Elliott et al., 236 
1999). Indeed, offline recording prior to subsequent fMRI has been the method most often 237 
used to assess participants’ ability to express prosodic emotions in other studies (Mayer, 238 
1999;Mayer et al., 2002;Pichon and Kell, 2013). In accordance with the offline recording 239 
strategy, it has been shown that the conditions typically experienced whilst being scanned do 240 
not seem to influence prosody generation (Mayer, 1999). 241 
To evaluate the MRI participants’ recordings, a further 52 healthy young adults were 242 
recruited from the research panel of psychology undergraduates (M:F 3:49) at Durham 243 
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University. The mean age of this group of listeners was 19.1 (±.78) years, their mean weekly 244 
alcohol consumption was 7.0 (±3.73) UK units, and their mean number of years’ education 245 
was 14.4 (±.90). To screen for listeners whose hearing sensitivity might be impaired, a 246 
Kamplex KS8 audiometer was used to determine hearing sensitivity loss relative to British 247 
Standard norms BS EN 60645, and BS EN ISO 389. Tones were presented at central pure-248 
tone audiometry frequencies, namely 500Hz, 1 kHz, and 2 kHz.  The pure tone average was 249 
derived by computing mean hearing sensitivity across both ears and all frequencies. The cut-250 
off point for screening purposes was set at the clinically normal limit of <25 dB hearing level 251 
(HL) (Leigh-Paffenroth and Elangovan, 2011), but no listeners had to be excluded on this 252 
basis. 253 
A pair of listeners listened to the recording of each MRI participant made in the 254 
behavioural assessment. Listeners were instructed to listen to each triplet of nonsense words 255 
and select from the three-alternative forced choice options of happiness, anger and neutrality, 256 
their subjective judgement of which emotion they thought was conveyed by speaker 257 
intonation. The influence of ambient noise on this listening task was ameliorated by 258 
presenting the audio recordings via noise cancellation headphones (Quiet Comfort 3; Bose 259 
Corporation; Framingham, MA). In scoring the ability of MRI participants to convey 260 
emotions through prosody, each nonsense word was only scored as correct if both listeners 261 
agreed on the emotion (i.e. 100% concordance), and that emotion was what the MRI 262 
participant had been instructed to use. After each pair of listeners had rated all their assigned 263 
audio clips, Cohen's kappa was used to determine if there was agreement between the two 264 
listeners’ judgements of the emotion conveyed. These analyses determined that across the 265 
listener pairs for the set of MRI participant recordings, the mean agreement within each pair 266 
was moderate, κ = .498 (± .049 s.e.). 267 
To further assess the distinctiveness of the happy, angry and neutral styles of 268 
emotional prosody expression, the acoustic correlates of the offline speech recordings were 269 
analysed using the auditory-processing software ‘Praat’ (Boersma, 2001). By this endeavour, 270 
the features extracted for analysis of each prosodic emotion type included mean fundamental 271 
frequency, fundamental frequency standard deviation and fundamental frequency range to 272 
index pitch; mean amplitude and amplitude range to index intensity; and duration. Following 273 
feature extraction with PRAAT, the mean values for each index were compared across 274 
prosodic emotion types with one-way ANOVAs.  275 
 276 
MRI Data Acquisition 277 
Given that speaking involves movement and that fMRI is susceptible to motion and volume-278 
change artefacts, previous fMRI studies of language and speech production often used ‘inner’ 279 
or ‘covert’ speech or whispering (Dogil et al., 2002;Gracco et al., 2005). We implemented a 280 
sparse audio neuroimaging sequence, because their advent has much improved the ability to 281 
study (overt) speech production functions (Dhanjal et al., 2008;Simmonds et al., 2011). In 282 
these temporally sparse imaging protocols (Hall et al., 1999), relatively long silent pauses are 283 
included between volume acquisitions, and it is during these pauses that stimuli are presented 284 
making it unlikely that stimulus-induced neural responses are obscured by scanner-noise-285 
induced neural responses (Moelker and Pattynama, 2003;Blackman and Hall, 2011;Liem et 286 
al., 2012), as might theoretically have occurred in one recent fMRI study of emotional 287 
prosody expression (Pichon and Kell, 2013). Data were acquired on a 3T MRI scanner with 288 
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32 channel head coil (Siemens TRIO, Siemens Medical Solutions, Erlangen, Germany) at the 289 
Durham University and South Tees NHS Trust MRI facility (U.K.). The sequence also 290 
employed Siemens’ parallel acquisition technique ‘iPAT’ (Sodickson and Manning, 1997), 291 
deployed with generalized auto calibrating partially parallel acquisition acceleration factor 2 292 
(GRAPPA) (Griswold et al., 2002), to further reduce the opportunity for motion artefacts 293 
(Glockner et al., 2005). Instructional measures taken to minimise motion artefacts included 294 
the explicit direction that participants should hold their head as still as possible at all times, 295 
and the use of foam padding between a participant’s head and the head coil itself.  296 
In the transverse plane parallel to anterior-posterior commissure line, we acquired 297 
blood oxygenation level dependent (BOLD) contrast images with a non-interleaved MRI EPI 298 
sequence with 30 ms TE, and an 8s repetition time (TR) in which a 1.51s acquisition time 299 
(TA) was followed by 6.49s silence. In all, 240 brain volumes were collected. To capture 300 
BOLD responses over the whole cerebrum, twenty eight 4mm slices alternated with a .5mm 301 
gap, over a 192mm field of view with 64 x 64 matrix and 90° flip angle. The first true radio 302 
frequency pulse generated by the scanner triggered E-prime to synchronise stimuli 303 
presentation with data collection. To maintain synchronicity, the start of subsequent trials was 304 
also triggered by each new pulse. To raise the effective sampling rate (Josephs and Henson, 305 
1999), within each 8s TR the speaking cue was jittered randomly between 2-3s after the start 306 
of volume acquisition, i.e. 5-6s before the next volume was acquired (Belin et al., 1999). The 307 
analyses described below therefore specifically focussed on the execution of emotional 308 
prosody expression. To facilitate individual localisation of active brain regions, anatomical 309 
data were collected with a Magnetisation Prepared RApid Gradient Echo single-shot T1-310 
weighted sequence (Mugler and Brookeman, 1990), in the same orientation as the functional 311 
data, with one hundred and ninety two .9 mm slices alternating with a .45 mm gap. The 312 
sequence incorporated a TR of 1900ms a TE of 2.32 ms, and field of view 230 mm. As for the 313 
functional sequence, the anatomical sequence employed ‘iPAT’, with GRAPPA factor 2. 314 
 315 
Functional MRI Data Analyses 316 
The first four scans were discarded whilst the MR signal reached a steady state. 317 
Neuroimaging data were then analysed with SPM8 318 
(www.fil.ion.ucl.ac.uk/spm/software/spm8). In initial pre-processing, images were realigned 319 
using the first image as a reference, using the SPM realignment function. Despite the 320 
movement involved in overt speech, no participant displayed more than 0.5mm translation or 321 
0.5 degrees rotation in any plane during the scans, thus no data were excluded due to 322 
potentially confounding effects of excessive movement. Images were then normalized into a 323 
standard stereotactic space to account for neuroanatomic variability, using the Montreal 324 
Neurologic Institute ICBM152 brain template in SPM, and applying spatial normalisation 325 
parameters generated by prior segmentation of tissue classes with SPM. Last in pre-326 
processing, the images were smoothed using an isotropic Gaussian kernel filter of 8mm full-327 
width half-maximum, using the SPM smoothing function. 328 
In the first level analyses, the pre-processed data were analysed in an event-related 329 
manner. In line with established thinking, the design matrix did not convolve the design with 330 
a haemodynamic response function as implemented by Pichon and Kell (2013), but rather a 331 
finite impulse response (FIR) model was implemented (Gaab et al., 2007b;a). This model-free 332 
approach is known to account for additional sources of variance and unusual shaped 333 
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responses not well captured by a single haemodynamic response function (Henson, 2004). 334 
Once constructed, the FIR models were then estimated, to yield one mean contrast image per 335 
participant, using a 128-s high pass filter for each model. For each individual MRI participant, 336 
the search volume for the first-level analyses was constrained by the implementation of an 337 
explicit (‘within-brain’) mask derived from the combination of each MRI participant’s grey 338 
and white matter image generated from the segmentation phase of pre-processing. This 339 
strategy reduced the potential for false positives due to chance alone - the ‘multiple 340 
comparisons problem’, and helped to limit seemingly significant activations to voxels within 341 
the brain rather than those covering cerebrospinal fluid or those that lay outside the brain. 342 
At the second level, random effects analyses were performed, to ascertain common 343 
patterns of activation across the participants, and enable inferences about population-wide 344 
effects. To examine the brain regions associated with expressing prosody of an emotional 345 
nature, regional brain activity patterns during the expression of happy and angry prosody were 346 
each contrasted separately against the regional brain activity associated with expressing 347 
neutral prosody. To examine the brain regions associated with expressing a prosodic contour 348 
that did not convey emotion, the pattern of regional brain activity observed during the 349 
expression of neutral prosody was compared against that observed during the jaw movement 350 
condition. To establish how the patterns of regional brain activity during the expression of 351 
angry and happy prosody differed from each other, we examined the brain regions in which 352 
the neural response during angry prosody expression was significantly greater than that during 353 
happy prosody expression, and vice versa. In these latter analyses, any effect of differences in 354 
performance accuracy between the expression of angry and happy prosody was excluded by 355 
including a performance accuracy covariate in the model, performance accuracy being 356 
operationalised as the percentage of trials for which both raters agreed that each MRI 357 
participant had indeed expressed each emotion. Common regions of activation associated with 358 
the expression of both happy AND angry prosody were examined through the implementation 359 
of a “conjunction null” test in SPM. To probe individual differences in the neural system 360 
responsible for expressing prosodic emotions, a covariate for performance accuracy on the 361 
offline behavioural assessment was fed into a second-level whole-brain analysis contrasting 362 
those brain regions associated with the expression of angry and happy prosody against those 363 
associated with the expression of neutral prosodic contours. In this analysis, it was the brain 364 
regions whose activity correlated with performance accuracy that was of interest, perceived 365 
performance accuracy being collated across the expression of the two emotional types of 366 
prosody.  367 
Activations were thresholded at p<.05, corrected for multiple comparisons with the 368 
Family Wise Error adjustment based on random field theory (Brett et al., 2003). The non-369 
linear transforms in the Yale BioImage Suite MNI to Talairach Coordinate Converter 370 
(www.bioimagesuite.org/Mni2Tal/) (Lacadie et al., 2008) converted ‘ICBM152’ MNI 371 
template coordinates to approximate Talairach and Tournoux coordinates (Talairach and 372 
Tournoux, 1988), enabling use of the Talairach and Tournoux atlas system for identifying 373 
regions of statistically significant response. Individual regions of activation were identified 374 
and labelled using the Talairach Daemon applet (http://www.talairach.org/applet.html) 375 
(Lancaster et al., 1997;Lancaster et al., 2000).  376 
 377 
Results 378 
Behavioural Performance 379 
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The analyses reported in this section were all performed using IBM SPSS Statistics for 380 
Windows, Version 22.0 (Armonk, NY: IBM Corp.). The main index of behavioural 381 
performance was the offline evaluation of MRI participants’ ability to express a given 382 
emotional tone i.e. happy, angry or neutral. The correct agreement by both raters that the 383 
given tone was indeed reflected in the tone of voice they heard varied was emotion-384 
dependent, from 66.3% (± s.e. 5.13) of the time for happiness, through 62.6% (± s.e. 4.46) for 385 
neutral, to 53.1% (± s.e. 5.07) for anger. These figures are comparable to previous reports on 386 
the correct attribution of prosodic cues to specific emotion categories (averaged across cold 387 
and hot anger for angry expressions) (Banse and Scherer, 1996;Johnstone and Scherer, 2000). 388 
The ANOVA suggested a main effect of emotion in these performance data (F(2,50)=3.95, 389 
p<.05, η2=.096). However, for all three emotion conditions, the perceived expression 390 
accuracy was over 4 x greater than the 1-in-9 level of correct agreement expected by chance, a 391 
difference that was highly significant according to one-sample t-test analyses (happy: 392 
t(25)=10.75, p<.001, d=2.108; neutral: t(25)=11.55, p<.001, d=1.776; anger: t(25)=8.29, 393 
p<.001, d=1.625). Further interrogation of the performance data determined that for each of 394 
the three conditions (happy, angry, and neutral), no outliers were detected for the percentage 395 
of correct rater1-rater2 agreement amongst the group of MRI participant recordings. 396 
Specifically, none of the figures for the rater pair cases fell more than 1.5 x the inter-quartile 397 
range above the third quartile or below the first quartile.  398 
The analyses of the acoustic correlates of each emotional prosody style further supported 399 
the interpretation that participants were able to produce perceptually distinguishable prosody, 400 
i.e. they were able to adequately modulate the acoustics features of their speech to express 401 
emotions. These acoustic correlate data are summarised in Table 1. A significant main effect 402 
of emotion was observed for all acoustic indices (p <.05 or lower). Worthy of note, follow-up 403 
paired t-test analyses revealed that happy prosody was of higher pitch than either angry or 404 
neutral prosody (p<.001 for both)(Pierre-Yves, 2003;Fragopanagos and Taylor, 2005;Scherer, 405 
2013;Ooi et al., 2014). Speakers demonstrated greater pitch modulation (F0 s.d.) for both 406 
angry and happy prosody than for a monotone ‘neutral’ intonation (p<.05 for both)(Pierre-407 
Yves, 2003;Fragopanagos and Taylor, 2005;Pell et al., 2009). The mean amplitude of angry 408 
prosody was, as might be expected, greater than that of neutral prosody (p<.001)(Ververidis 409 
and Kotropoulos, 2006). Speakers also demonstrated greater amplitude modulation 410 
(amplitude range) for both angry and happy prosody than for ‘neutral’ intonation (p<.001 for 411 
both)(Scherer, 2013). These patterns of effects are consistent with prior literature (Scherer, 412 
1986;Banse and Scherer, 1996;Juslin and Laukka, 2003;Scherer, 2003;Juslin and Scherer, 413 
2005). 414 
 415 
fMRI Data 416 
ANOVA analyses of the translational estimated movement parameters (derived during 417 
the realignment stage of the SPM pre-processing pipeline) with SPSS demonstrated that there 418 
were no differences between the angry, happy, jaw and neutral conditions in the degree of 419 
movement in the x, y and z planes. The main effects of emotion condition and plane were not 420 
significant ((F(3,78)=.51, p=.68, η2=.019) and (F(2,52)=.83, p=.44, η2=.031) respectively), 421 
and neither was the interaction between them (F(6,156)=.35, p=.91, η2=.013). Similarly, 422 
analyses of the rotational estimated movement parameters did not find any evidence of 423 
significant differences between the angry, happy, jaw and neutral conditions in the degree of 424 
rotation about the x, y and z planes. Again, the main effects of emotion condition and plane 425 
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were not significant ((F(3,78)=.65, p=.58, η2=.025) and (F(2,52)=.06, p=.95, η2=.002) 426 
respectively), and the interaction between them was not significant either (F(6,156)=.79, 427 
p=.58, η2=.030). 428 
The results of our main analyses of the fMRI data are presented in Table 2, and Figs. 429 
1, 2 and 3. Relative to brain regions associated with the expression of neutral prosody, the key 430 
regions associated with the expression of angry intonation included the inferior frontal gyrus, 431 
superior temporal gyrus, basal ganglia and insula (Table 2, Fig. 1a). The expression of 432 
happiness through intonation also recruited the superior temporal gyrus, basal ganglia and 433 
insula, with the additional involvement of parts of the anterior cingulate (Table 2, Fig. 1b). 434 
The expression of a neutral prosodic contour saw activation in the basal ganglia, anterior 435 
cingulate, superior temporal gyrus and insula again (Table 2, Fig. 2). The conjunction of areas 436 
activated by the angry vs. neutral and happy vs. neutral contrasts, formally revealed 437 
overlapping activation in the superior temporal gyrus and basal ganglia (Table 2). Direct 438 
comparison between angry and happy prosody ascertained that expressing angry prosody 439 
resulted in greater activation in parts of the basal ganglia and insula than when expressing 440 
happy prosody, whilst expressing happy prosody resulted in greater activation of the anterior 441 
cingulate and other parts of the insula and basal ganglia than when expressing angry prosody 442 
(Table 2).  443 
We also examined which of the brain regions associated with the expression of 444 
emotional prosody showed variable activity dependent on participants’ ability to express a 445 
given emotional tone. This endeavour revealed correlations with activity in the right inferior 446 
frontal gyrus, insula, and basal ganglia (Table 2, Fig. 3). SPSS was subsequently used to 447 
reanalyse and confirm the SPM-generated correlation, between the accuracy with which 448 
participants were able to express emotional prosodic contours, and the parameter estimate for 449 
the emotional vs. neutral contrast in the inferior frontal gyrus. For this follow-up analysis, the 450 
parameter estimates were dervied using a 5mm diameter sphere centered at the peak inferior 451 
frontal gyrus activity coordinates indicated in the main analysis of regions whose activity 452 
correlated with the ability to express emotional prosody. 453 
 454 
  455 
Discussion 456 
 In this study, we aimed to make further progress in delineating the functional 457 
neuroanatomy of prosodic emotion expression in three ways: Firstly, by incorporating 458 
methodological refinements; secondly, by honing in on how the network of brain regions 459 
required might differ as a function of positive and negative valence exemplars; and thirdly by 460 
determining the parts of the system subject to individual differences in ability. The key 461 
findings of our study are that the conjunction analyses delineated common regions of 462 
activation for the expression of both angry and happy prosody in the superior temporal gyrus 463 
and basal ganglia. Producing a neutral prosodic contour without conveying emotion was also 464 
associated with activation in the anterior cingulate, superior temporal gyrus, insula, and basal 465 
ganglia. In addition, direct comparisons revealed that expressing angry prosody resulted in 466 
greater activation in parts of the basal ganglia and insula compared to happy prosody, whilst 467 
expressing happy prosody resulted in greater activation of the anterior cingulate and other 468 
parts of the insula and basal ganglia compared to angry prosody. We observed inter-469 
participant variability in the brain regions that support prosodic emotion expression, with 470 
activity in the right inferior frontal gyrus and insula correlating with external off-line 471 
judgements of the behavioural ability to express emotions prosodically.  472 
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 473 
Brain Regions Recruited for Expressing Emotions through 474 
Prosody 475 
Across the expression of anger and happiness, we observed common activation in the superior 476 
temporal gyrus and basal ganglia. Data from a number of early lesion-studies suggested that 477 
damage to the right-hemisphere homologue of Broca’s area impaired the ability to express 478 
emotional prosody (Ross, 1981;Ross et al., 1981;Gorelick and Ross, 1987;Nakhutina et al., 479 
2006;Ross and Monnot, 2008). The theory that the organisation of prosodic functions in the 480 
right-hemisphere mirrors that of propositional language in the left- has been called into 481 
question though (Kotz et al., 2003;Kotz et al., 2006;Schirmer and Kotz, 2006;Wildgruber et 482 
al., 2006;Bruck et al., 2011;Kotz and Paulmann, 2011). If the expression of emotional 483 
prosody is also more complex than suggested by the early lesion-studies, perhaps we should 484 
not automatically assume activation of the brain regions associated with impaired 485 
performance in those early studies. Previous work has used different types of base stimuli to 486 
carry the expression of emotions through prosody, ranging from sentences (Pichon and Kell, 487 
2013), through repetitive syllables (Mayer et al., 2002;Aziz-Zadeh et al., 2010), to short 488 
pseudowords (Fruhholz et al., 2014;Klaas et al., 2015), that may in theory lead to differences 489 
in the degree of activation of a given region. The likely complexity of emotional prosody 490 
expression is highlighted by inconsistent involvement of the inferior frontal gyrus in its 491 
expression across the neuroimaging studies contributing to the literature thus far. Beyond 492 
these complexity issues, the impact of individual differences in social cognition also has 493 
important theoretical implications, as outlined in the introduction. Being able to infer the 494 
thoughts, feelings and intentions of those around us is indispensable in order to function in a 495 
social world. Despite growing interest in social cognition and its neural underpinnings, the 496 
factors that contribute to successful mental state attribution remain unclear. Current 497 
knowledge is often limited because studies fail to capture individual variability (Deuse et al., 498 
2016). An individual differences dependent neuroanatomical network for the expression of 499 
emotional prosody may reflect the necessity to combine multiple functions to successfully 500 
convey the target emotion (Valk et al., 2016). For all these reasons, we explored individual 501 
differences in the neural system that underpins the expression of prosodic emotions, i.e. we 502 
sought to determine whether the network of brain regions used to express emotional prosody, 503 
was moderated by individual levels of proficiency in expressing these cues. 504 
Our individual differences aim was operationalised by probing in which brain regions 505 
activated during expression of emotional prosody did the ratings of the ability to convey the 506 
desired emotional states correlate with the level of activation? Participants who were more 507 
able to express emotional prosody on demand would therefore show greater activation in the 508 
brain regions thus identified. Whilst research on emotional prosody expression would ideally 509 
index participants’ abilities online rather than offline, there was little reason to suspect that 510 
participants’ performance might be unstable over the short time period between offline 511 
behavioural assessment and the fMRI session. Nevertheless, the analysis of correlation 512 
between level of activation and ability to express emotional prosody could have important 513 
implications for neuropsychological studies. Thus a patient who is poor at expressing 514 
prosodic emotions, is likely to be impaired at the neurocognitive level, in the brain regions 515 
required to express these cues. Conversely, this same correlation would enable the prediction 516 
of expected behavioural impairment, for a patient with known damage to these regions. One 517 
of the regions in which such a relationship was observed was the right inferior frontal gyrus. 518 
The inferior frontal gyrus is often activated during emotion regulation tasks (Mincic, 519 
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2010;Grecucci et al., 2012), and again may be linked to expected performance demands, as 520 
those who are better at regulating the desired emotion and display more intense activation of 521 
this region may be those who best convey the desired emotion through prosody. There has 522 
also been a recent demonstration of a relationship between the level of activation of the 523 
inferior frontal gyrus and the intensity used in expressing emotional prosody (Fruhholz et al., 524 
2014). This external finding might explain the reason why inferior frontal gyrus activity might 525 
correlate with the ability to express appropriate emotional prosody. In the context of our own 526 
findings, their demonstration suggests the interpretation that emotional prosody expressed by 527 
people who use greater intensity when doing so might be easier to identify for the listener. 528 
Indeed, such an interpretation is supported by extant behavioural literature (Chen et al., 529 
2012;Grossman and Tager-Flusberg, 2012). Of course, it may be a limitation of the current 530 
study that its participant pool was restricted to highly-educated students based in a university 531 
environment. Even though this design feature is in accordance with the other major works on 532 
this subject (Aziz-Zadeh et al., 2010;Pichon and Kell, 2013;Fruhholz et al., 2014;Klaas et al., 533 
2015), evidence is starting to emerge that in-group and out-group effects may impinge on the 534 
comprehension of emotional prosody from speakers (Laukka et al., 2014;Paulmann and 535 
Uskul, 2014), thus future studies may seek to broaden the evidence base and sample 536 
participants from other educational backgrounds and environments.  537 
The common superior temporal cortex activation we observed across participants, was in 538 
an anterior section extending into the superior temporal sulcus, similar to that observed in the 539 
preliminary study of Dogil et al. in which participants expressed happiness and sadness 540 
through prosody (Dogil et al., 2002). This would not be the first time this region has been 541 
suggested as having a role in speech production (Sassa et al., 2007). Anterior superior 542 
temporal gyrus/sulcus activity has also been previously observed with various forms of 543 
speech comprehension rather than expression, involving semantic processing (Binney et al., 544 
2010;Visser and Lambon Ralph, 2011), accent processing (Hailstone et al., 2012), sensitivity 545 
to human voice (Capilla et al., 2012), speech intelligibility (Scott et al., 2000;Friederici et al., 546 
2010;Obleser and Kotz, 2010;Okada et al., 2010), and sensitivity to spectral and temporal 547 
features (Obleser et al., 2008). Anterior superior temporal gyrus activity during emotional 548 
prosody expression could therefore represent an internal feedback system on aspects of 549 
speech related to prosody, particularly vocal qualities of speech (Klaas et al., 2015). Thus as 550 
the data of Aziz-Zadeh et al. suggest, there might be some overlap in the neural systems 551 
responsible for expressing and perceiving emotional prosody (Aziz-Zadeh et al., 2010). 552 
Importantly, this feedback system cannot be explained away as resulting from the mere act of 553 
listening to one’s own speech because regional brain activity associated with producing a 554 
neutral prosodic contour was controlled for in our analysis. Whilst superior temporal gyrus 555 
activity was also observed in the neutral condition, here it was specific to the expression of 556 
emotion. 557 
An anterior superior temporal gyrus section was active during execution of emotional 558 
prosody in the study by Pichon and Kell (2013). By analysing the conjunction of regions 559 
activated by angry and happy prosodic emotion expression rather than contrasting emotion 560 
trials vs. neutral without distinguishing emotion type, we are able not just to confirm the 561 
involvement of anterior superior temporal cortex in prosodic emotion expression, but to 562 
confirm its overlapping involvement in expressing both a positive and negative emotion. 563 
Given that our design was unbiased towards negative vs. positive emotions, the superior 564 
temporal gyrus activation we observed may represent a core brain region activated during 565 
prosodic emotion expression, regardless of valence. Given that our design did not mix 566 
emotional and non-emotional prosody, it is possible that we may also have had increased 567 
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statistical power to detect activity in the superior temporal gyrus during the expression of 568 
emotional prosody in comparison to previous works (Aziz-Zadeh et al., 2010). Given that the 569 
anterior temporal lobe activation we observed was in a region sometimes affected by probable 570 
susceptibility artifacts (Devlin et al., 2000), it is not necessarily surprising that its involvement 571 
is not always picked up in fMRI studies. Activation in this region can also be highly 572 
susceptible to experimental ‘noise’ caused by methodological and statistical differences 573 
between fMRI studies of speech production (Adank, 2012).  574 
 The other key region activated regardless of the specific emotion expressed lay in the 575 
basal ganglia, in particular, the caudate. Its activation has previously been observed, although 576 
our study could indicate a more general role in expressing prosodic emotions beyond a 577 
specific role in expressing happiness (Aziz-Zadeh et al., 2010) or anger (Fruhholz et al., 578 
2014;Klaas et al., 2015). Whilst Pichon and Kell only observed striatal activity during 579 
preparation for prosodic emotion expression (Pichon and Kell, 2013), our analyses suggest 580 
that it may have an important ongoing role in executing emotional prosody. Its involvement in 581 
the network of brain regions recruited to express emotional prosody could be interpreted in 582 
two ways. First, it could be because of a direct role in expressing prosodic emotions. Whether 583 
from a brain lesion or from Parkinson’s disease, damage to the basal ganglia typically leads to 584 
a monotonous voice devoid of prosodic expressivity and emotion cues (Cancelliere and 585 
Kertesz, 1990;Blonder et al., 1995;Schroder et al., 2010a). This direct role could be due to its 586 
involvement in timing-related processes (Kotz and Schwartze, 2010), which could establish 587 
basic timing patterns from which to formulate emotion-specific patterns of intonation, by 588 
integrating dynamically changing speech information such as speech rate, pitch, or amplitude 589 
(intensity) variations required for individual emotions (Paulmann and Pell, 2010). The second 590 
possibility is that its involvement is indirect, because of its well-evidenced role in the 591 
comprehension of prosodic emotions (Mitchell and Boucas, 2008;Schroder et al., 592 
2010a;Bruck et al., 2011;Paulmann et al., 2011;Belyk and Brown, 2013). From these studies 593 
that noted its role in emotional prosody comprehension, we can now confirm that the basal 594 
ganglia may also be of importance in the expression of emotional prosody.  595 
Adding to prior findings, our study also suggests that as for the inferior frontal gyrus 596 
activity we observed, insula activation can be modulated by participants’ ability to correctly 597 
express happiness and anger through prosody. Other literature shows that insula activation 598 
can demonstrate a relationship with emotional intensity (Satpute et al., 2012;Zaki et al., 599 
2012). Although it might require further study, perhaps the greater the activity in the insula, 600 
the better someone is at expressing emotions, i.e. the more intense the emotions they can 601 
express through prosody. Observing changes in the activity of such regions as patients recover 602 
from brain damage affecting the network that normally mediates emotion expression, could 603 
be a useful index for research purposes of the transition from monotone speech back to full 604 
expressivity. In terms of likely impact on functional outcome, ascertaining the relationship 605 
between the ability to express target emotions through prosody, the associated functional 606 
neuroanatomy and measures of social function in healthy young adults could further suggest 607 
how differences in expression and neural activity map onto such behavioural effects.  608 
 609 
Emotion-specific brain activity 610 
 Our paradigm required participants to express anger, happiness and neutrality through 611 
prosody. Whilst we do not claim neutrality to be an emotion, it is still a prosodic contour just 612 
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the same as anger or happiness. In the prior literature, Mayer et al. and Dogil et al. analysed 613 
the expression of happiness and sadness together as a single emotion condition rather than 614 
separately (Dogil et al., 2002;Mayer et al., 2002). Pichon and Kell had a design that could 615 
have provided rich data on the expression of specific emotions through prosody, including 616 
fear, sadness, anger, and happiness (vs. neutrality), but the separate analyses of these 617 
emotions were not presented  (Pichon and Kell, 2013). In our study, we were able to identify 618 
that the expression of angry prosody was associated with activation in the inferior frontal 619 
gyrus, superior temporal gyrus, insula and basal ganglia. The expression of happy prosody 620 
was associated with activation of the anterior cingulate, superior temporal gyrus, insula and 621 
basal ganglia. It is, of course, a limitation of the current study that online behavioural 622 
recordings were not available for the emotional prosody expression task whilst performed 623 
during the fMRI scanning. Therefore at the time of fMRI data capture, we cannot say for 624 
certain which emotion was being expressed through prosody for each trial. Whilst the offline 625 
behavioural recordings give a useful indication of each individual’s ability to modulate 626 
prosody to convey the target emotion, personality-linked dispositional indicators of 627 
emotionality may have strengthened these assumptions.  628 
As explained above, it is difficult to compare these data to the results of the few 629 
previous studies of prosodic emotion expression. However, the network of regions activated 630 
when our participants expressed happy prosody are largely comparable to the valence-linked 631 
comparison of happy vs. neutral trials by Aziz-Zadeh et al., and we are able to extend this 632 
work to propose the addition of the superior temporal cortex activity (Aziz-Zadeh et al., 633 
2010). The anterior cingulate gyrus, superior temporal gyrus, insula and basal ganglia 634 
activation we observed are all regions observed in neuroimaging studies of processing other 635 
people’s happiness cues (albeit in the facial domain) (Phan et al., 2002;Murphy et al., 636 
2003;Fusar-Poli et al., 2009;Vytal and Hamann, 2010). A more relevant argument can be 637 
made in the case of the activations observed in the inferior frontal and superior temporal gyri, 638 
insula and basal ganglia when participants expressed angry prosody, as also found by Klaas et 639 
al except for the insula (Klaas et al., 2015), because they have also been associated with the 640 
perception of angry prosody (Grandjean et al., 2005;Sander et al., 2005;Quadflieg et al., 641 
2008;Hoekert et al., 2010;Fruhholz and Grandjean, 2012;Mothes-Lasch et al., 2012). The 642 
combination of evidence from these pre-existing studies and our own data may again lead one 643 
to conclude overlapping networks for perceiving and expressing positive and negative 644 
emotions. However, there are also pockets of evidence that the anterior cingulate gyrus, 645 
superior temporal gyrus, insula and basal ganglia are involved in the facial expression of 646 
happiness, not just its perception (Lee et al., 2006;Kuhn et al., 2011;Pohl et al., 2013). If 647 
involved in expression happiness through both prosody and facial expressions, these brain 648 
regions may have a supramodal role in expressing emotion cues like that which exists for 649 
perceiving emotion cues (Vuilleumier and Pourtois, 2007;Park et al., 2010;Peelen et al., 650 
2010;Klasen et al., 2011). There is a lack of evidence as to whether the regions involved in 651 
expressing angry prosody overlap with the brain regions involved in expressing anger through 652 
facial expressions though. 653 
A new interpretation that we think also deserves consideration comes from evidence 654 
that the basal ganglia and limbic brain structures are involved in feeling or being happy (Phan 655 
et al., 2002;Kringelbach and Berridge, 2009). Although our participants were required to act 656 
the designated emotions rather than portray them naturally, it seems from our data that there 657 
may potentially have been an automatic mood induction effect (Siemer, 2005;Rochman et al., 658 
2008). This explanation also fits well with our data on expressing anger through prosody, 659 
since activation of the inferior frontal gyrus, insula and thalamus have all been associated 660 
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with feeling anger (Kimbrell et al., 1999;Denson et al., 2009;Fabiansson et al., 2012). This 661 
hypothesis could quite easily be tested in the future by employing explicit mood induction 662 
procedures to invoke a happy or angry experiential state and then whilst in that state asking 663 
participants to express the corresponding emotions. Whilst the act of preparing to express 664 
emotional prosody has been speculated as an induction phase, the study concerned did not 665 
explicitly assess mood state (Pichon and Kell, 2013).  666 
As well as examining the brain regions involved in expressing anger and happiness 667 
through prosody separately, we directly compared the two whilst accounting for differences in 668 
performance accuracy between the conditions. It is well accepted in facial emotion research 669 
that beyond the core processing network, additional brain regions are involved in expressing 670 
specific emotions (Chakrabarti et al., 2006;Fusar-Poli et al., 2009;Hamann, 2012). There is 671 
preliminary evidence that this may also be the case for emotional prosody (Ethofer et al., 672 
2008;Jacob et al., 2012;Kotz et al., 2012). Although the two separate valence-related analyses 673 
of happy and angry prosody expression seemed to suggest that inferior frontal gyrus activity 674 
was greater for angry prosody expression and that anterior cingulate activity seemed to be 675 
greater for happy prosody expression than for angry prosody expression, only the latter was 676 
statistically significant. Therefore it is not certain whether inferior frontal gyrus activity 677 
during the expression of prosody is emotion-specific as it was for individual differences in 678 
performance accuracy. That a major emotion-related brain region such as the anterior 679 
cingulate should show a greater neural response to anger expression than to happiness is 680 
perhaps not surprising given the evidence that our brains are evolutionally predisposed to 681 
processing those emotions associated with threat (Vuilleumier and Schwartz, 2001;Guastella 682 
et al., 2009). We also observed differential emotion-dependent activations within the insula 683 
and basal ganglia. Thus the expression of angry and happy prosody both activated the basal 684 
ganglia and insula, but the foci of these activations were in spatially separate parts of these 685 
structures. There are suggestions that the activation in the caudate and/or putamen whilst 686 
processing prosodic information may be emotion-specific (Kotz et al., 2013), however, there 687 
is not yet enough research to judge the reliability of spatially separate emotion-specific 688 
activations within the basal ganglia and insula. 689 
Finally, our inclusion of a jaw movement condition allowed us to also examine which 690 
brain regions were recruited for expressing neutral prosodic contours, not just emotional 691 
contours. Knowing the brain regions associated with expressing neutral prosody would allow 692 
clinicians to distinguish between patient groups for which expressing a certain emotion is 693 
compromised, and those groups who have difficulty in expressing prosodic contours of any 694 
type. In the comparison of neutral prosody and jaw movement, activations observed in the 695 
basal ganglia and superior temporal gyrus are especially interesting. Whilst data from the 696 
analysis of regions involved in expressing emotional prosody irrespective of the specific 697 
emotion observed basal ganglia involvement, our additional data on expressing neutrality 698 
suggest a more fundamental role for this structure in producing intonation. Whilst the basal 699 
ganglia was activated by expressing both neutral and emotional prosody, the activation 700 
observed in the case of emotional prosody controlled for those brain regions already involved 701 
in the production of neutral prosody. Therefore, it has both a specific role in producing 702 
emotional prosodic contours, and a more general role in producing prosody without emotion. 703 
This finding is intuitive given the generic difficulties experienced by patients with basal 704 
ganglia pathology (e.g. Parkinson’s disease) in producing prosodic contours (Schroder et al., 705 
2010b;Martens et al., 2011). In relation to the superior temporal gyrus activation observed 706 
expressing neutral prosody, the cluster bordered onto the superior temporal sulcus. This 707 
region has been identified as having a key role in aspects of pitch processing (Griffiths, 708 
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2003;Stewart et al., 2008). Its role in producing pitch contours devoid of emotional 709 
connotation could therefore indicate a self-monitoring process as people express prosody, to 710 
ensure that the pitch pattern of their speech at any one point in time is appropriate.  711 
 712 
Conclusions  713 
In summary, we conclude that the superior temporal gyrus and basal ganglia may be 714 
involved in expressing emotional prosody irrespective of the specific emotion. Inferior frontal 715 
gyrus activity may be more variable, and might relate to the participants sampled since its 716 
activity correlated with participants’ ability to express the target prosodic emotions. In 717 
addition to the core network, the location of other activation foci may depend on emotion 718 
valence, as direct comparison of the functional neuroanatomy associated with expressing 719 
angry and happy prosody established that expression of angry prosody was associated with 720 
greater activity in the inferior frontal gyrus, whereas expression of happy prosody was 721 
associated with greater activity in the anterior cingulate.   722 
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Table 1. The acoustic correlates of emotional prosody expression. 1107 
Acoustic Feature Emotional Prosody Type Comparative Analyses 
 Angry Happy Neutral  
     
Mean F0 (Hz) 174.51 
(+ 41.72) 
213.72 
(+ 55.32) 
178.53 
(+ 44.31) 
F2,52 = 27.773, p < .001 
F0 s.d. (Hz) 23.81 
(+ 8.22) 
30.65 
(+ 11.03) 
24.55 
(+ 11.89) 
F2,52 = 4.707, p < .05 
F0 range (Hz) 68.08 
(+ 22.37) 
89.73 
(+ 29.86) 
73.59 
(+ 29.26) 
F2,52 = 6.330, p < .005 
Mean amplitude (dB) 61.28 
(+ 5.12) 
61.25 
(+ 5.20) 
58.42 
(+ 5.40) 
F2,52 = 16.843, p < .001 
Amplitude range (dB) 41.75 
(+ 5.49) 
41.42 
(+ 4.33) 
38.36 
(+ 4.16) 
F2,52 = 17.775, p < .001 
Duration (s) .57 
(+ .09) 
.55 
(+ .08) 
.54 
(+ .08) 
F2,52 = 4.306, p < .05 
Mean pitch, intensity and duration statistics (+ s.d.) for each prosodic emotion style, from the offline speech recordings of study participants. 1108 
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Table 2. The Expression of Emotions through Prosody: Stereotactic Peak Coordinates in Contrasts of Interest. 1109 
Brain region Brodmann area Hemisphere T value Stereotactic 
coordinates 
     
Angry prosody vs. neutral prosody 
Inferior frontal gyrus 47 L 6.56 -41  28  -4 
“                               “ 47 R 5.20  40  15  -8 
Superior temporal gyrus 38 L 4.83 -44  12 -9 
Insula 13 L 5.86 -46   7   0 
“        “ 13 R 4.88  45   7  -5 
Basal ganglia (caudate)  M 8.74  0   3  14 
Thalamus  L 10.05  -2 -11  11 
“              “  L 8.35  -3  -6   4 
 
Happy prosody vs. neutral prosody 
Anterior cingulate 32 L 5.30  -6  43  11 
“                           “ 32 L 5.30  -6  45   2 
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“                           “ 32 R 4.82   2  38  14 
Superior temporal gyrus 38 L 5.22 -49   6  -9 
Insula 13 L 6.21 -40   2  11 
Basal ganglia (caudate)  L 8.67 -23 -42  15 
“                                   “  M 8.50   0   9  16 
“                                   “  R 6.79  17  23   3 
“                                   “  R 5.61  17  21  13 
“                                   “  R 5.34  20   6  19 
“                                   “  R 5.38  35 -31   5 
Thalamus  M 8.69   0 -14  12 
     
Neutral prosody vs. jaw movement 
Anterior cingulate 32 L 4.64 -12  30  15 
Superior temporal gyrus 22 L 5.44 -51 -14   4 
Insula 13 L 7.93 -37 -26   4 
Parahippocampal gyrus 30 R 5.53  20 -37 -1 
Basal ganglia (caudate)  L 6.96 -37 -35  -1 
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“                                   “  R 6.50  11  15  19 
“                                   “  R 5.58   8  18  11 
“                                   “  R 5.01   8   3  19 
Thalamus  R 6.50   3 -22   7 
“               “  R 5.70  20 -28  10 
 
Happy prosody vs. angry prosody 
Anterior cingulate 32 L 9.93 -18  40   6 
“                           “ 32 R 9.31  14  35  12 
“                           “ 32 L 7.97  -3  42   3 
Insula 13 L 6.91 -29 -39  15 
Insula (Claustrum)  R 5.62  32 -25   7 
Basal ganglia (caudate)  L 4.44 -23 -42  10 
Thalamus  R 6.11  20 -34  10 
 
Angry prosody vs. happy prosody 
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Insula 13 L 4.66 -31 -25  13 
Hippocampus  L 5.51 -31 -40   0 
Basal ganglia (putamen)  L 8.61 -17  -2  11 
Basal ganglia (caudate)  R 6.36   2   3  11 
“                                  “  R 5.34  11  11   8 
 
Conjunction of AvN and HvN  
Superior temporal gyrus 38 L 6.83 -44  12  -9 
Basal ganglia (caudate)  R 6.10  20   6  19 
“                                 “  R 5.37  20  20   8 
Thalamus  L 10.22  -8 -34   0 
“             “  M 9.57   0 -16  14 
 
Correlation with ability to express (in the comparison of emotion v  neutral) 
Inferior Frontal Gyrus 47 R 5.42  40  25   0 
Insula (claustrum)  R 5.43  29  -5  17 
“                            “  R 4.45  28  22  -1 
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Parahippocampal Gyrus 19 R 4.93  20 -43  -2 
“                                     “ “   “ R 4.30  29 -46   2 
Thalamus  R 6.34  23 -13  17 
“              “  R 6.21   9 -19  14 
“              “  R 5.86  17 -22  14 
“              “  L 5.07  -5 -17   4 
 1110 
Data represent activation foci that survived the probability threshold of p<.05 (FWE corrected) and a contiguity threshold of 10 active voxels. 1111 
Coordinates are given for the ‘Talairach’ stereotactic space (Talairach and Tournoux, 1988). L = left hemisphere; R = right hemisphere; M = 1112 
midline.1113 P vis
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Figure Captions 1114 
Fig. 1. Depiction of the brain regions activated when expressing anger (Fig. 1a), and 1115 
happiness (Fig. 1b) through prosody (relative to neutrality), displayed on a rendered brain 1116 
derived from the Montreal Neurological Institute Ch2bet.nii image supplied with the 1117 
MRIcroN software (http://www.mccauslandcenter.sc.edu/mricro/mricron/index.html). 1118 
Regions of activation on the external surface of the cortex appear brighter and more intense, 1119 
whereas regions deeper in the cortex are displayed in less intense, more transparent shades. 1120 
Images are thresholded at PFWE<.05 with a 10 voxel spatial contiguity threshold. 1121 
Fig. 2. Depiction of the brain regions activated when expressing neutrality through prosody 1122 
(relative to jaw movement), displayed on a rendered brain derived from the Montreal 1123 
Neurological Institute Ch2bet.nii image supplied with the MRIcroN software 1124 
(http://www.mccauslandcenter.sc.edu/mricro/mricron/ index.html). Regions of activation on 1125 
the external surface of the cortex appear brighter and more intense, whereas regions deeper in 1126 
the cortex are displayed in less intense, more transparent shades. Images are thresholded at 1127 
PFWE<.05 with a 10 voxel spatial contiguity threshold. 1128 
Fig. 3. Scatter plot illustrating the correlation between the parameter estimate for the contrast of 1129 
emotional vs. neutral prosody expression in the inferior frontal gyrus, and the offline index of the 1130 
accuracy with which participants expressed emotional prosodic contours. Application of the 1131 
Kolmogorov-Smirnov test for normality indicated that these performance accuracy data were normally 1132 
distributed: d(26) = 0.091, p>.05. 1133 
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